The composite Sunrise Butte pluton, in the central part of the Blue Mountains Province, northeastern Oregon, preserves a record of subduction-related magmatism, arc-arc collision, crustal thickening, and deep-crustal anatexis.
INTRODUCTION
The Blue Mountains Province of northeastern Oregon and western Idaho (Fig. 1) is generally thought to have been formed by a two-stage process, in which the amalgamation of oceanicand island-arc terranes was followed by their accretion as a terrane assemblage to the western North American continental margin. Recent studies along the terrane-continent boundary, which is referred to as the Salmon River suture zone, suggest that collision of amalgamated Blue Mountains terranes with the continent occurred around 128 Ma, and that associated deformation continued to ca. 90 Ma (Getty et al., 1993; Snee et al., 1995; Fleck and Criss, 2007; Giorgis et al., 2008 ; but also see Dorsey and LaMaskin, 2007) . Less well known has been the timing of terrane amalgamation. Recent studies suggest that collision of island-arc terranes and the resultant deformation observed in intervening rocks may have occurred from as early as Late Triassic time (Dorsey and LaMaskin, 2007) to as late as the Late Jurassic (Getty et al., 1993; Avé Lallemant, 1995; Schwartz et al., 2010 Schwartz et al., , 2011a .
The juxtaposition of large fragments of lithosphere and their ensuing collision (arc-arc or arc-continent) are commonly marked by an abrupt change in the composition of associated magmatism (Barnes et al., 1992; Tulloch and Kimbrough, 2003) , suggestive of a change in the conditions, processes, or source regions of magma generation. For example, in several compressional environments in the western North American Cordillera, long periods of subduction-related, mantle-derived magmatism gave way to a pulse of generally more felsic, crust-derived magmas after contractional orogeny (e.g., Brandon and Smith, 1994; Barnes et al., 1992; Ducea, 2001; Tulloch and Kimbrough, 2003; DeCelles et al., 2009 ). Tulloch and Kimbrough (2003) described spatially and temporally distinct belts of older plutons with low Sr/Y compositions and younger plutons with high Na 2 O, Sr, and Sr/Y, and low Y in New Zealand. Our work in the Blue Mountains Province has demonstrated similar relationships (Johnson et al., 1995 (Johnson et al., , 2007 Schwartz et al., 2011b) , commonly within the same pluton.
In this paper, we describe the petrology and geochemistry of the composite Sunrise Butte pluton, which consists in part of both an early low-volume, low-Sr/Y phase and a younger highvolume, high-Sr/Y phase. We present results of U-Pb geochronology (sensitive high-resolution ion microprobe-reverse geometry [SHRIMP-RG] ) that confi rm the age-composition relationships described elsewhere (Schwartz et al., 2011b (Schwartz et al., , 2014 and document an orogen-wide high-fl ux event of crust-derived magmas following Late Jurassic shortening. We suggest that the temporal change in magmatism in the Sunrise Butte pluton was related to compressional orogenesis and resultant crustal thickening in the Blue Mountains Province; thus, the ages of high-Sr/Y magmatic rocks in the Blue Mountains Province can be used to constrain the timing of the collision event. We then place these events into environment, as the oceanic lithosphere between the Wallowa and Olds Ferry island arcs was consumed. Zircons from this unit yielded a 206 Pb/ 238 U age of 160.2 ± 2.1 Ma. A magmatic lull ensued during arc-arc collision, after which partial melting at the base of the thickened Wallowa arc crust produced siliceous magma that was emplaced into metasedimentary rocks and serpentinite of the overthrust forearc complex. This magma crystallized to form the bulk of the Sunrise Butte composite pluton (the Sunrise Butte unit; 145.8 ± 2.2 Ma). The heat necessary for crustal anatexis was supplied by coeval mantle-derived magma (the Onion Gulch unit; 147.9 ± 1.8 Ma).
The lull in magmatic activity between 160 and 148 Ma encompasses the timing of arc-arc collision (159-154 Ma), and it is similar to those lulls observed in adjacent areas of the Blue Mountains Province related to the same shortening event. Previous researchers have proposed a tectonic link between the Blue Mountains Province and the Klamath Mountains and northern Sierra Nevada Provinces farther to the south; however, timing of Late Jurassic deformation in the Blue Mountains Province predates the timing of the so-called Nevadan orogeny in the Klamath Mountains. In both the Blue Mountains Province and Klamath Mountains, the onset of deep-crustal partial melting initiated at ca. 148 Ma, suggesting a possible geodynamic link. One possibility is that the Late Jurassic shortening event recorded in the Blue Mountains Province may be a northerly extension of the Nevadan orogeny. Differences in the timing of these events in the Blue Mountains Province and the Klamath-Sierra Nevada Provinces suggest that shortening and deformation were diachronous, progressing from north to south. We envision that Late Jurassic deformation may have collapsed a Gulf of California-style oceanic extensional basin that extended from the Klamath Mountains (e.g., Josephine ophiolite) to the central Blue Mountains Province, and possibly as far north as the North Cascades (i.e., the coeval Ingalls ophiolite). 
EXPLANATION

GEOLOGICAL FRAMEWORK
The Blue Mountains Province is an assemblage of at least three oceanic-and island-arc terranes (Fig. 1) . They are, from generally northwest to southeast, the Wallowa island-arc terrane, the Baker forearc and accretionary-complex terrane, and the Olds Ferry island-arc terrane. The Izee "terrane" is not a separate lithotectonic unit but consists of an overlap sequence of Early to Late Jurassic clastic sedimentary rocks that lie unconformably on the older terranes (Dorsey and LaMaskin, 2007) . The Baker terrane is further divided into two subterranes (Ferns and Brooks, 1995) , which include an accretionary-wedge complex (Bourne subterrane) and the forearc, presumably of the Olds Ferry arc (Greenhorn subterrane; Fig. 1 ). Collision of the island arcs resulted in thrusting of the Bourne subterrane over the Wallowa terrane and intercalation of tectonic slices of both terranes at the southern margin of the Wallowa arc (Schwartz et al., 2010) . Schwartz et al. (2011a) determined that arc-arc collision occurred between 159 and 154 Ma.
The eastern ends of the Blue Mountains Province terranes extend into westernmost Idaho, where they abut the Western Idaho shear zone (Fig. 1) . The amalgamated terrane assemblage underwent large post-Cretaceous clockwise rotation (for discussion, see Wilson and Cox, 1980; Hillhouse et al., 1982; Housen, and Dorsey, 2005) . When the Blue Mountains Province is restored to its prerotation confi guration, the terrane axes assume a roughly N-S orientation, parallel to the continental margin as defi ned by the 0.706 initial 87 Sr/ 86 Sr isopleth of Armstrong et al. (1977) .
An examination of the existing Pb/U ages for plutons and batholiths in the Blue Mountains Province demonstrates that magmatism occurred in several distinct episodes throughout Late Jurassic-Early Cretaceous time (Walker, 1989; Manduca et al., 1993; Lee, 2004; McLelland and Oldow, 2007; Snee et al., 2007; Unruh et al., 2008; Schwartz et al., 2010 Schwartz et al., , 2011a Schwartz et al., , 2011b . The fi rst of these episodes is marked by several 162-154 Ma plutons that were emplaced slightly before and during collision of the Wallowa and Olds Ferry arcs (from 159 to 154 Ma; Schwartz et al., 2011b) . These plutons consist of rocks that have low Sr/Y ratios, and they are mostly restricted geographically to the western part of the Blue Mountains Province. Following arc-arc collision, mixtures of plutons having both low-Sr/Y and high-Sr/Y compositions were emplaced between 148 and 141 Ma, with high-Sr/Y rocks primarily restricted to the Baker terrane (Schwartz et al., 2011b) . A similar pattern is seen during Early Cretaceous time, 134-130 Ma, where predominantly low-Sr/Y plutons were emplaced shortly before collision of the Blue Mountains Province with the North American continent (128 ± 3 Ma; Getty et al., 1993) , followed by low-Sr/Y and high-Sr/Y plutons from 124 to 111 Ma (Johnson et al., 1997; Lee, 2004; Snee et al., 2007) .
Sunrise Butte Pluton
The Sunrise Butte pluton is located within the belt of Late Jurassic-Early Cretaceous plutons at the western end of the Blue Mountains Province (Fig. 1) . Sunrise Butte magmas were emplaced into the Greenhorn subterrane of the Baker terrane. The northern part of the pluton is composed of pyroxene-bearing hornblende biotite quartz diorite and tonalite of the Desolation Creek unit (Fig. 2) . A small body of two-pyroxene diorite (the Onion Gulch unit) crops out along the southwestern margin of the Sunrise Butte pluton. The bulk of the exposed pluton consists of hornblende biotite tonalite and granodiorite of the Sunrise Butte unit.
Chert-rich graphitic metasedimentary rocks of the Badger Creek unit (in the Greenhorn subterrane of Ferns and Brooks, 1995) and subordinate metagabbro and serpentinized ultramafi c rocks occur along the southern margin of the pluton and as a <1-km-wide septum between the Sunrise Butte and Desolation Creek units ( Fig. 2 ; Brooks et al., 1983; Ferns et al., 1984; Evans, 1989) . Xenoliths of purported Badger Creek metasedimentary rocks occur throughout the Sunrise Butte pluton (Fig.  3A) , especially adjacent to the pluton-wall-rock contacts. Mafi c magmatic enclaves occur throughout the pluton, most of which have thin (<1-cm-wide), fi ne-grained chilled margins. Some enclaves contain xenoliths of metasedimentary rock (Fig.  3B) . Mafi c dikes coeval with Sunrise Butte magmatism were not observed in any intrusions comprising the composite Sunrise Butte pluton.
RESULTS
Petrography
One sample from each of the three plutonic units was analyzed for mineral chemistry. Most rocks from the Sunrise Butte, Desolation Creek, and Onion Gulch units are coarse grained and hypidiomorphic granular. Some samples show a seriate grain-size distribution. Apatite, sphene, and zircon are common accessory phases in all units. Rocks from the Sunrise Butte unit contain plagioclase, quartz, green magnesiohornblende (Leake, 1978) , and brown biotite (with average MgO/[MgO + FeO] = 0.532 ± 0.018), plus lesser amounts of magnetite and interstitial K-feldspar. Pyroxene was not observed in these rocks. Onion Gulch rocks contain variable amounts of augite (En 37-45 -Fs 15-25 -Wo [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] ) and orthopyroxene (En 53-58 -Fs 39-45 -Wo 1-7 ), in addition to plagioclase, quartz, green magnesio-hornblende, and brown biotite (average MgO/[MgO + FeO] = 0.554 ± 0.013); in fact, pyroxenes are the dominant ferromagnesian phases in a large portion of the Onion Gulch unit. Most Desolation Creek rocks are similar in mineralogy to Sunrise Butte rocks, but some contain augite, weakly pleochroic light-brown hornblende, and reddish-brown biotite (average MgO/[MgO + FeO] = 0.494 ± 0.014). Total Al in the Desolation Creek biotites averages 2.560 ± 0.093 atoms p.f.u., which is higher than in biotites from the Sunrise Butte unit (Al total = 2.342 ± 0.111 atoms p.f.u.). Augite occurs as cores within either (1) the light-brown hornblende, or (2) colorless actinolitic hornblende and actinolite (Leake, 1978) , which is in turn rimmed with the light-brown hornblende. Interstitial quartz and poikilitic K-feldspar are common. Minor amounts of tourmaline were observed in some Desolation Creek rocks. At least one sample from the Desolation Creek unit exhibits fl attened quartz and sutured quartz grain boundaries, characteristic of regime II quartz microstructures ( Fig. 3C ; Hirth and Tullis, 1992) ; no such deformation was observed in the Sunrise Butte unit or the Onion Gulch unit rocks. Aluminum-in-hornblende barometry (Anderson and Smith, 1995) suggests that the Sunrise Butte composite pluton was emplaced at pressures less than 2 kbar.
Magmatic enclaves throughout the Sunrise Butte pluton are generally medium grained and slightly porphyritic with phenocrysts of hornblende and plagioclase. Biotite is a common ferromagnesian phase, and the biotite:hornblende ratio is visibly greater in enclaves from the Desolation Creek unit than in those from the Sunrise Butte unit. In several of the enclaves, hornblende was rimmed entirely with fi ne-grained biotite. Poikilitic K-feldspar is rare. Accessory apatite is acicular, with aspect ratios generally greater than 10:1.
Tonalitic and granodioritic dikes in the Sunrise Butte pluton are commonly porphyritic, with phenocrysts of plagioclase, rounded quartz, and biotite ± hornblende in a fi ne-grained groundmass of plagioclase, quartz, and biotite. Granitic dikes have a seriate grain-size distribution and contain biotite as the only ferromagnesian phase. Muscovite and spessartine-rich garnet are common.
Xenoliths correspond in mineralogy to the adjacent wall rocks and consist of variably serpentinized peridotite, mediumgrained pyroxene hornfels, and fi ne-grained biotite + plagioclase + quartz schists. Some hornfels and schist samples retain original sedimentary layering.
Zircon Geochronology
A tonalite (SB-137) from the Desolation Creek pluton yielded 12 concordant SHRIMP-RG spot analyses that give a combined error-weighted average 
km
Sunrise Butte Map is modifi ed from geologic maps by Brooks et al. (1983) , Ferns et al. (1984) , and Evans (1989) .
with a slightly lower 2σ error. We interpret this age as the best estimate of the crystallization age; however, the 159.5 ± 2.4 Ma age is also considered viable.
A (Schwartz et al., 2011b (Schwartz et al., , 2014 .
Whole-Rock Major and Trace Elements
Whole-rock major-and trace-element compositions of representative samples are in Table 2 , and data for all samples can be found in Supplementary Table DR1. 1 Samples from the composite Sunrise Butte pluton span a range of SiO 2 contents from 55 to 76 wt% (Fig. 5) . The greatest range in SiO 2 contents is observed in the Sunrise Butte unit (from ~59 to 73 wt%); the samples with the lowest SiO 2 contents are from the margins of the pluton. Rocks of the Desolation Creek and Onion Gulch units all have SiO 2 contents below 67 wt%. The composite Sunrise Butte pluton as a whole exhibits an increase in the aluminum saturation index [A/CNK = Al 2 O 3 /(CaO + Na 2 O + K 2 O) in moles] with increasing SiO 2 . In general, samples with >70 wt% SiO 2 are mildly peraluminous (A/CNK = 1.0-1.1), whereas those with lower SiO 2 contents are metaluminous (A/CNK < 1.0). Enclaves exhibit a narrow range in SiO 2 content, from 55 to 59 wt%. The garnet-bearing aplitic dike has an SiO 2 content >75 wt% and is strongly peraluminous (A/CNK = 1.12). According to the classifi cation scheme of Frost et al. (2001) , all samples from the Sunrise Butte, Desolation Creek, and Onion Gulch units are "magnesian" and "calcic." Most of the enclave samples plot in the "calc-alkalic" fi eld, and the granitic dike is classifi ed as "ferroan" and " calc-alkalic."
Most tonalitic and granodioritic rocks have >15 wt% Al 2 O 3 at the 70 wt% SiO 2 level, which would classify them as "high-alumina" (Barker, 1979; Drummond and Defant, 1990) .
Rocks from the Sunrise Butte, Desolation Creek, and Onion Gulch units exhibit collinear decreases in TiO 2 , Fe T (total Fe as Fe 2 O 3 ), MnO, MgO, CaO, and V with increasing SiO 2 contents, whereas they show parallel, but not collinear, decreases in P 2 O 5 , Sc, Y, and Co. All three units display an increase in K 2 O, Rb, and Ba contents with increasing SiO 2 , and a decrease in Sr. In comparison to the Sunrise Butte unit, rocks from the Desolation Creek unit are higher in Sc, Y, Co, Hf, and Th and trend toward higher Nb and Zr with increasing SiO 2 . Rocks from the Sunrise Butte and Onion Gulch units have ~400-800 ppm Sr, whereas those from the Desolation Creek unit have <200 ppm (Fig. 5E ). In addition to Sr, Desolation Creek rocks are also lower in Na 2 O and P 2 O 5 . There is considerable scatter in Al 2 O 3 , Zr, Nb, Cs, Th, and Hf abundances.
Chondrite-normalized (Sun and McDonough, 1989 ) rare earth element (REE) patterns distinguish rocks of the Sunrise Butte, Desolation Creek, and Onion Gulch units ( 
Sr, Nd, and O Isotopes
Samples from all three plutons and a granitic dike were analyzed for Sr and Nd isotopes. Several additional samples, including magmatic enclaves, were also analyzed for O isotopes. Only one sample from the Onion Gulch unit was analyzed. Initial Samples from the Sunrise Butte unit have initial ε Nd values that range from +1.4 to +2.5; a sample from the Desolation Creek unit has a similar value of +1.5, and the Onion Gulch sample yielded a slightly more radiogenic ε Nd value of +3.0. The granitic dike sample has an ε Nd value of -2.1 (Fig. 7A) .
Rocks † †207 Pb corrected ratios using age-appropriate Pb isotopic composition of Stacey and Kramers (1975) . § §207 Pb corrected age; spot analyses with strikethrough were excluded in age calculation due to open system behavior and/or analytical problems.
## MSWD-mean square of weighted deviates. 
Zircon Lu-Hf Isotope Geochemistry
Lu-Hf isotopic data were collected from 53 zircons to evaluate possible changes in sources and petrogenetic processes through time (cf. Fig. 8 (gray square symbols) yielded an error-weighted average (2σ), initial ε Hf value of 6.8 ± 1.6 (MSWD = 0.6). Initial ε Hf values for the Onion Gulch and Sunrise Butte plutons (gray diamond and empty square symbols in Fig. 8 , respectively) largely overlap with those from the Desolation Creek pluton, yielding values of 5.4 ± 1.5 (MSWD = 0.3) and 7.1 ± 1.5 (MSWD = 0.8), respectively. Initial ε Hf values for all three plutons overlap values from other Late Jurassic to Early Cretaceous plutons in the Baker terrane (Schwartz et al., 2011b (Schwartz et al., , 2014 , although on average they extend to slightly lower values.
Compositional Variations Revealed by Magnetic Susceptibility
The bulk (volume) magnetic susceptibility is a measure of magnetization of a rock in the applied magnetic fi eld and thus directly relates to the proportion, type, and composition of magnetic minerals (e.g., Hrouda and Kahan, 1991; Tarling and Hrouda, 1993) . The bulk susceptibility has also proven to be a sensitive indicator of changes in chemical composition (e.g., Aydin et al., 2007) and redox state of granitoid magmas and has been used to defi ne the oxidized magnetite and reduced ilmenite series of granitoid rocks (e.g., Ishihara, 1977 Ishihara, , 2004 .
In addition to geochemical data described already, we analyzed spatial variations in the bulk magnetic susceptibility in all units of the Sunrise Butte pluton (for a detailed magnetic fabric analysis, see Žák et al., 2012) . The bulk susceptibility was measured on 271 specimens from 26 stations all over the pluton (Fig.  9A) . The measurements were made using the MFK1-A Kappabridge in the Laboratory of Rock Magnetism at the Institute for Geology and Paleontology, Charles University in Prague.
On the map, the bulk susceptibilities defi ne three distinct NW-SE-trending belts (Fig. 9A) . The northeastern exposures of the Desolation Creek unit are characterized by the lowest susceptibilities on the order of 10 −4 and can be thus regarded as paramagnetic (sensu Bouchez, 1997) or ilmenite-series rocks (Figs. 9A and 9B ). In contrast, the northwestern exposures of the same unit and a narrow zone along the northeastern margin of the neighboring Sunrise Butte unit exhibit remarkably high susceptibilities on the order of 10 −2 (Figs. 9A and 9B). Granitoids and dioritoids of this belt are thus ferromagnetic and can be attributed to the magnetite series. The contrasting paramagnetic and ferromagnetic mineralogies were also corroborated by measurements of susceptibility variations with temperature (supplemental information and Supplemental Figure DR1 
DISCUSSION
Origin and Evolution of the Magmas
The new 206 Pb/ 238 U ages presented here indicate that the Desolation Creek magma was emplaced during or shortly before arc-arc collision between the Wallowa and Olds Ferry arcs at 159-154 Ma (Schwartz et al., 2011a) , and that emplacement of the Onion Gulch and Sunrise Butte magmas followed collision by several million years. Similar relationships have been documented in other areas of the Greenhorn subterrane Schwartz and Johnson, 2009; Schwartz et al., 2011b) , as well as in the Bourne subterrane (Schwartz et al., 2014) . In this section, we evaluate petrogenetic models pertaining to the origin of the Desolation Creek and Sunrise Butte magmas, as well as possible genetic relationships between the coeval Onion Gulch and Sunrise Butte units.
Major-element mass balance calculations (Bryan et al., 1969) were performed to test for fractional crystallization; in these calculations, a sum of the squares of the residuals (ssr) less than unity suggests a possible valid result. The parental and daughter compositions and the calculated fractionating mineral assemblage of each successful model were further tested using Sr and Y. Batch partial melting was tested using the REEs, Sr, and Y. The REEs, Sr, and Y were used because the ratios La/Yb and Sr/Y can be sensitive indicators of pressure (Moyen et al., 2010) . The mineral-liquid partition coeffi cients from Schwartz et al. (2011b) were used in the trace-element calculations. Initial Hf values were calculated at the time of crystallization using calculated weighted average 206 Pb/ 238 U ages (this study). Also shown in the graph are zircon Lu-Hf data for rocks from other plutons in the Blue Mountains Province (small circles; data from Schwartz et al., 2011b) . 
Desolation Creek Unit
In comparison to most plutons in the Blue Mountains Province with similar SiO 2 contents, the Desolation Creek unit has the lowest Sr abundances (Fig. 5E ). In addition, the Desolation Creek rocks exhibit moderate fractionation of the heavy (H) REEs from the light (L) REEs, along with negative Eu anomalies. These chemical signatures suggest an important role for plagioclase in the origin of the Desolation Creek magma. Such magmas can be produced by partial melting of metabasaltic rocks in the middle crust (in equilibrium with a plagioclase-rich but garnet-free residue), or by feldspar-dominated fractional crystallization of mantle-derived magma (± assimilation of crustal rocks).
Partial melting calculations were performed using a variety of metabasaltic source rock compositions from the Baker and Wallowa terranes. Chondrite-normalized REE patterns of calculated melts were compared to those of rocks from the Desolation Creek unit. The best matches were from those calculations using a fl at to slightly LREE-enriched source rock pattern. All successful calculations are consistent with a garnetabsent and plagioclase-rich residual assemblage. For example, Figure 10A shows the results of one of these calculations, in which a pillow lava from Vinegar Hill was used as a potential source (see Schwartz et al., 2011a) . The calculations predict a residual assemblage of hornblende (33%) + plagioclase (23%) + clinopyroxene (44%) for melt fractions between 0.1 and 0.3. However, this same residual assemblage will result in melts having much higher Sr/Y values than Desolation Creek rocks, which is not consistent with the data shown in Figure 10B . We conclude that the Desolation Creek magma was not the product of partial melting of known metabasaltic rocks in the Blue Mountains Province.
An alternative explanation for the origin of the Desolation Creek magma involves fractional crystallization of a similarly Sr-poor parental magma. A logical choice for such a parent composition is the Dixie Butte meta-andesite. The Dixie Butte metaandesite complex, ~25 km to the south of the Desolation Creek unit (Fig. 1) , consists of 610-670 m of fl ows of mostly basaltic andesite to andesite. Although the age of the meta-andesite complex has not been determined directly, it is considered to be Late Jurassic based on crosscutting relationships with, and lithologic similarities to, the Dixie Summit pluton (162.0 ± 2.9 Ma; Schwartz et al., 2011b) . This age overlaps that of the Desolation Creek unit. Figure 5 shows whole-rock compositions from the Sunrise Butte pluton, along with whole-rock compositions for the Dixie Butte meta-andesite.
Desolation Creek compositions plot along an extension of the meta-andesite data trend (see especially Figs. 5C and 5E), so major-and trace-element calculations were performed to determine if the Desolation Creek magma could have been derived from magma similar in composition to the Dixie Butte meta-andesite. Major-element mass balance results suggest that the least siliceous Desolation Creek sample (sample SB-69A) could be derived from magma corresponding to the most siliceous Dixie Butte andesite (sample DBO19A; Schwartz et al., 2011b ) by removal of a fractionating assemblage of plagioclase (An 52 ) + augite + orthopyroxene + Fe-Ti oxide + apatite (ssr = 0.765; model 1A in Table 3 ). Separation of this assemblage would lead to Y enrichment and a slight lowering of the Sr/Y value in the residual liquid. In Figure 11 , sample SB-69A plots near the calculated fractional crystallization curve at an F value between 0.6 and 0.7, which is consistent with the major-element mass balance results. Further fractional crystallization of an assemblage consisting of plagioclase (An 46 ) + augite + hornblende + Fe-Ti oxide + apatite + sphene would have led to SiO 2 enrichment in the residual liquid (sample SB-73; model 1B). Therefore, we conclude that the Desolation Creek magma most likely evolved by fractional crystallization from a mantle-derived magma similar in composition to the Dixie Butte meta-andesite. The parental magma composition used in the calculations is sample DBO19A (Schwartz et al., 2011b) , and the assimilant used is an average of Badger Creek metasedimentary rock compositions (Schwartz et al., 2011a) , which comprise the wall rocks at the level of exposure. Sample SB-109 plots near both FC and AFC curves for F = 0.6-0.7, consistent with results of mass balance calculations (F = 0.704; Table 3 ).
Sunrise Butte Unit
The presence of augite and orthopyroxene in rocks from the Onion Gulch unit suggests they crystallized from an evolved mantle-derived magma. The U-Pb zircon ages of the Onion Gulch unit overlap with those of the Sunrise Butte unit, indicating they were comagmatic. However, several factors argue against a cogenetic relationship between the two: (1) Onion Gulch and Sunrise Butte rocks have different mafi c mineral assemblages, with the former dominated by augite and orthopyroxene and the latter consisting of hornblende and biotite; (2) Onion Gulch rocks exhibit an increase in K 2 O (up to 2.26 wt%) with increasing SiO 2 , whereas the more felsic rocks of the Sunrise Butte unit have lower K 2 O contents (<1.9 wt%) that remain relatively constant with increasing SiO 2 (Fig. 5B) ; and (3) major-element mass balance calculations predict a range of plagioclase-rich fractionating assemblages (up to 26 wt% of the fractionating phases), which would lead to lower Sr abundances and more pronounced negative Eu anomalies in the derivative magma. The Sunrise Butte rocks do not exhibit these effects. Therefore, we conclude that the Sunrise Butte magma was not derived from the Onion Gulch magma by any crystal-liquid separation process.
The steeply fractionated REE patterns, high Sr, and low HREE and Y abundances in the Sunrise Butte rocks suggest that the magmas were in equilibrium with garnet, and that plagioclase was not a residual phase. In fact, samples from the Sunrise Butte unit have identical REE patterns and Sr/Y ratios to rocks from the Cornucopia Stock, magmas of which were emplaced into the Wallowa terrane (Fig. 1) . Cornucopia magmas were generated by partial melting of low-K metabasaltic rocks comprising the deep crust of the Wallowa terrane, in equilibrium with a garnet + clinopyroxene + hornblende residue (Johnson et al., 1997) . Given the underthrust nature of the Wallowa terrane (Schwartz et al., 2010) , we tested the idea that the Sunrise Butte magma was generated by partial melting of deeply buried Wallowa terrane crust, similar to the style of Cornucopia magmatism.
We tested a variety of potential tholeiitic sources having slightly LREE-depleted to slightly LREE-enriched patterns (Balcer, 1980; Vallier, 1995; Kurz et al., 2012) , which are characteristic of low-K metabasaltic rocks in the Wallowa terrane. Results using the REE abundances of several source compositions vary slightly but are generally consistent; they all predict a hornblende-and garnet-bearing, plagioclase-poor residual assemblage and melt percentages between 10% and 40%. For example, Figure 12A shows the results of partial melting calculations using a source composition with a relatively fl at REE pattern. In this diagram, chondrite-normalized REE patterns of the calculated melt compositions closely match those of the Sunrise Butte rocks for 20%-40% melting. Furthermore, the calculations predict a residual assemblage of hornblende + garnet + clinopyroxene.
Partial melting was also tested using Sr and Y abundances. In Figure 12B , using an average of the tholeiitic basalt compositions from Vallier (1995) as the source and the same residual assemblage as in Figure 12A , the calculated partial melting curve passes through the fi eld of Sunrise Butte rock compositions for melt percentages of 5%-60%. However, it should be noted that the Sunrise Butte sample used in Figure 12A (sample SB-94B) plots along the partial melting curve at a melt fraction of ~0.2, which is consistent with results using the REEs. These results demonstrate that the high La/Yb and Sr/Y characteristics of the Sunrise Butte unit arose from partial melting of a metabasaltic source at a depth greater than that required for the stability of garnet.
Major-element mass balance calculations were also performed (Table 3) , using hornblende and garnet compositions from Matsell et al. (2012) . Results of these calculations suggest that the Sunrise Butte magma could be derived from a mafi c protolith in equilibrium with a hornblende + garnet + clinopyroxene residue. Although the major-element calculations predict residual phase proportions and melt fractions (F) different to those predicted using trace elements (Fig. 12) , they are consistent with a residual assemblage having hornblende >> garnet.
Tectonic Implications
The Sunrise Butte pluton is composed of three distinct intrusions: (1) an older (ca. 160 Ma) body of hornblende biotite quartz diorite/tonalite (the Desolation Creek unit), (2) a younger (ca. 148 Ma) unit of two-pyroxene diorite (the Onion Gulch unit), and (3) an intrusion of hornblende biotite tonalite/granodiorite (the Sunrise Butte unit) that is coeval with the Onion Gulch unit. These units are geochemically distinct, which suggests different sources and petrogenetic histories. This notion is further supported by magnetic susceptibilities measured in the pluton (Fig. 9A) , in which rocks from the Desolation Creek unit are paramagnetic, belonging to the ilmenite series, and those from the Sunrise Butte unit are predominantly ferromagnetic (belonging to the magnetite series). Red biotite in rocks from the Desolation Creek unit is higher in total Al than biotite from the Sunrise Butte unit, and this is thus also suggestive of reducing conditions in the magma (Lalonde and Bernard, 1993) . The magnetic characteristics of the magmas could have been inherited from their sources, recording a transition from a reduced, mantle-derived source to a deep crustal, more-oxidized source with time (e.g., Ishihara, 2004) . The paramagnetic signature of the Desolation Creek unit could also have been further enhanced through in situ assimilation of the surrounding serpentinitic wall rocks and/or graphite-bearing metasedimentary rocks of the Badger Creek unit (e.g., Ague and Brimhall, 1988; Malvoisin et al., 2012; Tomkins et al., 2012) . In situ assimilation is consistent with the positive correlations in whole-rock δ (Fig. 7) . The Sunrise Butte composite pluton preserves a record of magmatism in response to arc-arc collision and resultant crustal thickening (Fig. 13) . Subduction-related magmatism (the Desolation Creek unit) occurred as the Wallowa island arc neared the Olds Ferry island arc (top panel in Fig. 13 ). The ensuing collision (ca. 159-154 Ma; Schwartz et al., 2011a) resulted in thrusting of the Baker accretionary wedge/forearc terrane over the Wallowa and Olds Ferry arcs (middle panel in Fig. 13 ). Partial melting of the thickened arc crust resulted in the generation of high-Sr/Y magma (the Sunrise Butte unit) that was emplaced into relatively shallow levels of the Baker terrane crust (the Greenhorn subterrane); the heat necessary for partial melting was provided by mantle-derived magma (the Onion Gulch unit) from the nowwaning subduction system (bottom panel in Fig. 13 observed elsewhere in the central Blue Mountains Province. South of the Sunrise Butte pluton, small intrusions in the Dixie Butte area show similar composition-age relationships (Schwartz et al., 2011b) . There, pre-and syncollisional subduction-related magmatism resulted in low-Sr/Y intrusions (ca. 162-158 Ma) and the Dixie Butte meta-andesite fl ows (ca. 162 Ma; Schwartz et al., 2011b) . Arc-arc collision was accompanied by a magmatic lull, but it was followed shortly after by the emplacement of several high-and low-Sr/Y intrusions (ca. 148-145 Ma; Schwartz et al., 2011b) . Schwartz et al. (2011b) suggested that Late Jurassic shortening led to ≥12 km of crustal thickening in this area.
In the Bald Mountain batholith (Fig. 1) , ~50 km northeast of the Sunrise Butte pluton, noritic and granitic magmas of low-Sr/Y affi nity (ca. 157-155 Ma) were emplaced, followed by high-Sr/Y tonalitic magmas (ca. 147-141 Ma) that comprise the bulk of the exposed area of the batholith (Schwartz et al., 2014) . Here again, the same sequence of subduction-related magmatism, arc-arc collision, crustal thickening, and generation of high-Sr/Y magmas from tectonically thickened crust is observed.
Geochemical models for the generation of high-Sr/Y magmas from metabasaltic rocks at all three of these localities point to garnet-bearing, hornblende-rich (but plagioclase-absent) residual assemblages. Such residual assemblages are produced at high pressures (>10 kbar or >35 km depth) by dehydration melting reactions of the form:
hornblende + plagioclase → clinopyroxene + garnet + hydrous melt, in which plagioclase is the limiting reactant (Winther and Newton, 1991; Wolf and Wyllie, 1993 ). An abundance of residual hornblende and the absence of plagioclase are suggestive of melting under water-rich conditions (Weinberg and Hasalová, 2015) ; additional water could have come from exsolution of mantle-derived magmas (which would have also contributed to the heat budget necessary for partial melting) or the breakdown of hydrous phases other than amphibole. Preliminary results from a study of tonalitic and trondhjemitic veins in migmatized amphibolites along the Salmon River suture zone suggest that the water needed to stabilize hornblende and destabilize plagioclase may have come from the breakdown of epidote during prograde metamorphism Richter and Johnson, 2014) . As pointed out by Johnson et al. (1997) , blocks of garnet hornblendite (with up to 80% hornblende) in serpentinite-matrix mélange were exhumed along the Connor Creek fault ~50 km southeast of the Dixie Butte area (Matsell et al., 2012) . Although these rocks may not represent the solid residue of a partial melting event, they do illustrate that such hornblende-rich garnetbearing (and plagioclase-absent) metamorphic rocks occur in the Blue Mountains Province. Results of this research are consistent with the relationships among arc-arc or arc-continent collisions, crustal thickening, and the generation of high-Sr/Y magmas observed in other segments of the North American Cordillera (Gromet and Silver, 1987; Barnes et al., 1996 Barnes et al., , 2006 Tulloch and Kimbrough, 2003; Girardi et al., 2012) . For example, deformation and crustal thickening associated with the Nevadan orogeny in the Klamath Mountains (ca. 153-150 Ma; Harper et al., 1994) marked the transition from low-Sr/Y magmatism to a later stage of predominantly high-Sr/Y magmatism (Barnes et al., 1996 (Barnes et al., , 2006 . We suggest that crustal shortening in the Klamath Mountains and Blue Mountains Provinces was related to the same event, and we envision the Late Jurassic collapse of an extensional basin represented by the Josephine ophiolite in the Klamaths, the coeval Ingalls ophiolite in the central Cascades (MacDonald et al., 2008) , and the Baker terrane in the Blue Mountains. Crustal shortening in the Blue Mountains Province (ca. 159-154 Ma; Schwartz et al., 2011a) predates that in the Klamath Mountains (ca. 153-150 Ma), which suggests that the closure of the basin progressed from north to south.
CONCLUSIONS
The Late Jurassic-Early Cretaceous Sunrise Butte pluton, in the central region of the Blue Mountains Province, records distinct stages related to the collision of two volcanic arcs. An early stage of mantle-derived magmatism, characterized by the Desolation Creek unit, occurred as subduction consumed the intervening oceanic crust between the Wallowa and Olds Ferry arcs. A period of magmatic quiescence followed as the crust thickened in response to underthrusting of the Wallowa arc beneath the accretionary wedge (the Bourne subterrane). Magmatism recommenced with partial melting at the base of the overthickened crust, resulting in the generation and emplacement of high-Sr/Y magma (the Sunrise Butte unit).
Temporal similarities in crustal shortening, deformation, and magmatism observed in the Blue Mountains and the Klamath Mountains Provinces (and possibly the Ingalls ophiolite complex) suggest they are linked to the same regional event. Studies that potentially connect tectonic events in the Blue Mountains Province to those in the Klamath Mountains provide a crucial fi rst step in developing a comprehensive understanding of the North American Cordillera.
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